Microbial-driven organic matter (OM) degradation is a cornerstone of benthic community functioning, but little is known about the relation between OM and community composition. Here we use Rhô ne prodelta sediments to test the hypothesis that OM quality and source are fundamental structuring factors for bacterial communities in benthic environments. Sampling was performed on four occasions corresponding to contrasting river-flow regimes, and bacterial communities from seven different depths were analyzed by pyrosequencing of 16S rRNA gene amplicons. The sediment matrix was characterized using over 20 environmental variables including bulk parameters (for example, total nitrogen, carbon, OM, porosity and particle size), as well as parameters describing the OM quality and source (for example, pigments, total lipids and amino acids and d 13 C), and molecular-level biomarkers like fatty acids. Our results show that the variance of the microbial community was best explained by d
Introduction
Organic carbon is one of the most fundamental factors shaping marine sediment microbial communities (Jorgensen et al., 2012) . However, sediment organic matter (OM) is a complex and heterogeneous mixture of high-and low-molecular-weight organic carbon compounds derived from multiple sources (for example, marine or terrestrial) at different states of degradation. Generally, land-derived OM are thought to be more recalcitrant to degradation than plankton-derived OM (Hedges et al., 1997; Baldock et al., 2004) , but in environments with a mixture of both kinds, different microbial groups can allow refractory OM to be metabolized through mutualistic relationships (Bianchi, 2011) . Such relationships are, however, poorly understood as microbial communities are rarely investigated in the same context as OM source or OM quality, defined here as composition and lability.
The structure or function of sediment microbial communities has been linked with pigment concentrations, used as indicators of OM freshness (Polymenakou et al., 2005; Franco et al., 2007; Bienhold et al., 2012) , but other classes of compounds, which might give relevant insight both into the lability and origin of the organic component, are often not considered. For instance, the state of degradation of the OM can be estimated from its amino acid composition using the degradation index) (Dauwe and Middelburg, 1998) , whereas the carbon isotopic signature (d 13 C) can be used to assess OM origin (Hedges et al., 1997 ). Furthermore, molecular-level proxies such as fatty acid profiling or the proportion of labile polyunsaturated fatty acids (PUFA) enables the distinction of OM sources (that is, terrestrial plants, phytoplankton or zooplankton) and provides insight into the degree of alteration of these sources (Bianchi and Canuel, 2011) . Such proxies could thus be very useful for a holistic characterization of OM quality.
The OM of both terrestrial and marine origin is efficiently remineralized in muddy deltaic environments (Aller, 1998) that are characterized by episodic mixing events and recurring redox successions, allowing for the coexistence of microbial consortia with different biogeochemical functions (Aller et al., 2010) . The rapid and mostly anaerobic OM cycling coupled to sulfur, iron and manganese cycling makes this environment truly unique and highly diverse in terms of microbial-driven processes (Froelich et al., 1979; Madrid et al., 2001; Aller and Aller, 2004; Madrid et al., 2006; Aller et al., 2010) . Major microbial players in deltaic environment are known chemoorganotrophic bacteria belonging to the phyla Bacteroidetes, Actinobacteria and Planctomycetes as well as sulfateoxidizing bacteria, sulfate reducers and nitrifiers (Madrid et al., 2001; Aller and Aller, 2004; Madrid et al., 2006) . The microbial community from sediments of the Rhô ne River prodelta (NW Mediterranean Sea) has never been described, but the high deposition and sedimentation rates (Radakovitch et al., 1999; Miralles et al., 2006) , high oxygen consumption and high remineralization rates (Lansard et al., 2008; Cathalot et al., 2010; Pastor et al., 2011) suggest the presence of communities similar to the ones found in other dynamic deltaic environments.
The Rhô ne River accounts for 80% of the riverine particle inputs into the Gulf of Lions (Aloisi et al., 1979) , most of it being delivered during episodic and extreme flood events (Pont, 1997; Antonelli et al., 2008) . The highly dynamic prodelta of the Rhô ne River, with OM from contrasting origins (marine vs terrestrial) including modern vascular C3 plant detritus, soils and freshwater phytoplankton (Kim et al., 2010; Bourgeois et al., 2011; Cathalot et al., 2013) can thus be used as a model system to test the hypothesis that the OM quality and source are fundamental structuring factors for the microbial communities in benthic environments. To obtain samples reflecting the variability of sources, sediments from the prodelta were seasonally sampled at seven different layers for a coupled study of both OM and microbial communities. The microbial communities were analyzed by pyrosequencing and the sediment OM characterized by using molecular-level proxies and bulk analyses for a complete description of OM quality and source.
Materials and methods

Study site and sampling procedures
With a mean annual discharge of 1700 m 3 s À 1 (Pont, 1997; Sempéré et al., 2000) , the Rhô ne River represents an important input of freshwater and organic carbon to the Mediterranean Sea. Material deposited in the immediate vicinity of the river mouth forms a muddy sand bar, and as a result of sediment remobilization and displacement by waves and currents (Marion et al., 2010) , the fine-grain prodelta sediments cover an area of 50 km 2 (Lansard et al., 2009 ) of the inner shelf. Sediments were collected at station 'Mesurho' 2.5 km off the river mouth, near the sea buoy marked 'Roustan-Est ' (43119'6.96'N, 4151'58.2') , at B20 m water depth on four different occasions during 2010 (Supplementary Figure S1 ). This well-described station (Marion et al., 2010; Charles et al., 2014) was chosen because it is under the influence of the river discharge, but not inside the main flow channel of the Rhô ne, and because the sediments underneath the buoy are spared from trawling activity. On the first sampling date, 19 February, the sampling was performed at the beginning of a flood event (3110 m 3 s À 1 ), on 16 April the sampling was done at the end of a river flow peak (1450 m 3 s À 1 ), on 30 June the station was sampled after an episode of river discharge peaking below the mean flood threshold (3000 m 3 À 1 s -1
), and on 27 August, the sampling was completed after a period of low river discharge (Supplementary Figure S1B) . Sediment cores (9.5 cm diameter, 60 cm height) were collected with a multicorer MUC 8/100 (Oktopus GmbH, Kiel, Germany). At each sampling date, three undisturbed cores were processed on board. Cores were sliced in seven horizontal layers (0-0.5, 0.5-1, 1-2, 2-3, 3-5, 5-7 and 7-10 cm). Each layer was homogenized and separated in three aliquots that were stored at À 20 1C. One aliquot was used for pigment and grain-size measurements, another for bulk and biochemical analyses and the last for bacterial community analyses. Except for pigment and sediment grain size, all sediment subsamples were freeze-dried before analyses.
Determination of sediment characteristics (contextual parameters) Sediment granulometry was measured using a Malvern Mastersizer 2000 laser microgranulometer (Malvern, Worcestershire, UK). Grain size is expressed as d(0.5) corresponding to the median of the size distribution based on the equivalent spherical volume diameters. The proportion of different particle sizes was used to describe the texture of sediment (Table 1) . Total OM content was calculated by measuring the weight loss of freezedried sediment after combustion (450 1C, 5 h). Total nitrogen and total organic carbon concentrations were determined using an automatic CN-analyzer (LECO 2000, LECO, St-Joseph, MI, USA) after acidification with 2 M HCl (overnight, at 50 1C) to remove carbonates before the analyses of organic carbon (Cauwet et al., 1990) . Stable carbon isotopes were measured on acidified samples according to the protocol described in Kerhervé et al. (2001) and analyzed on an elemental analyzer (EA 3000 Eurovector, Eurovector, Milan, Italy) coupled with an isotopic ratio/mass spectrometer (GVI Isoprime, GVi, Cheadle, UK). Pigments were extracted as described in Bourgeois et al. (2011) . The fluorescence of the extracts was measured according to the method developed by Neveux and Lantoine (1993) . Amino acids were released by acid hydrolysis (HCl 6 N, 100 1C for 24 h) and the hydrolysates were treated as described in Bourgeois et al. (2011) . Hydrolysable amino acids were analyzed by reversed-phase high-performance liquid chromatography as isoindole derivatives following precolumn derivatization with orthophtaldialdehyde (Lindroth and Mopper, 1979) . Fatty acids were analyzed as methyl esters as previously described (Bourgeois et al., 2011) using a Saturn 2100T iontrap GC-MS instrument (VARIAN, Les Ulis, France) equipped with a fused-silica-capillary column (Factor Four, VF-Waxms, 30 m Â 0.25 mm ID, 0.25 mm film thickness, VARIAN). Porosity was calculated from natural moisture content assuming a density of 2.63 g cm À 3 for dry sediment and corrected for seawater salinity.
DNA extraction and pyrosequencing DNA was extracted using the UltraClean Soil DNA Isolation Kit (MoBio, Carlsbad, CA, USA) from B100 mg of freeze-dried sediment according to the manufacturer's protocol with some modifications. Namely, three bead beatings of 45 s at 30 rev min À 1 were followed by 3 thermal shocks (15 s in N 2 and 1 min in a water bath at 95 1C) to maximize cell lysis, followed by incubation for 45 min at 55 1C with proteinase K. PCR amplification for pyrosequencing was performed as described in Fagervold et al. (2013) using universal bacterial primers, 27Fmod (Vergin et al., 1998) , with adaptors and multiplex identifiers and a modified version of primer 519R (Teske et al., 1994) . Emulsion PCR of amplicons (5 ng ml À 1 from each sample) and pyrosequencing was carried out at the Genotoul platform at INRA (Toulouse, France) with Roche (Basel, Switzerland) 454 Genome Sequencer FLX and Titanium chemistry.
Sequence analysis
Sequence analysis was performed using both QIIME (Caporaso et al., 2010, v. 1.4.0-1.7 .0) and Mothur (Schloss et al., 2009, v. 1.23-1.28 ). Sequences were denoised using Ampliconnoise and chimera checked using Perseus (Quince et al., 2011) . This output was clustered using Uclust (Edgar, 2010) at 97% sequence identity level that resulted in 13 426 operational taxonomic units (OTUs). A representative sequence from each OTU was classified using the Ribosomal Database Project (RDP) classifier (Wang et al., 2007) and a training set extracted from the Silva108 database (Quast et al., 2013) . These same sequences were aligned in Mothur and filtered (minimum length 200 bp and start site 1044 in the Silva alignment). This alignment was used as a basis for a and b diversity indexes where a phylogenetic tree is used as an input (UniFrac and phylocom, see below). Here, phylogenetic trees were made in QIIME using FastTree (Price et al., 2009) , with the aligned sequences being additionally filtered with the lanemask. All samples were subsampled to an even depth of 450 sequences per sample to be able to compare them using b diversity metrics. However, this resulted in two of the samples from August (sediment layers 3-5 cm and 5-7 cm) being excluded for further analysis because they contained o450 sequences. When subsampling to 450 sequences per sample, we did not capture the total diversity of the samples (Supplementary Figure S2A) , nevertheless, we should still be able to detect major patterns in the microbial community composition .
To further clean the data, we excluded sequences that did not classify to the phyla level using the RDP Statistical and taxa-environment analysis Rarefaction curves, evenness and diversity indexes were calculated in QIIME. To test whether samples were significantly different, pairwise comparisons were made using the weighted UniFrac metric (Lozupone and Knight, 2005; Lozupone et al., 2007) in QIIME. The significance of this comparison was determined by 1000 Monte Carlo randomizations and P-values are corrected for the number of comparisons (Bonferri correction).
We performed three kinds of analyses to investigate the relationships between the microbial community (using the OTU_trunk table) and the contextual parameters: (1) multivariate statistics, or redundancy analysis (RDA) with forward selection, to identify the parameters that could best explain the variation in the microbial community, (2) direct Mantel tests of distance matrices based upon the bacterial community structure and the contextual parameters to test the individual parameters separately and (3) analysis using the maximal information coefficient (MIC) (Reshef et al., 2011) to identify possible associations between individual OTUs or taxa and contextual parameters. For the RDA analysis, the parameters that were tested, along with abbreviation that will be used throughout, are given in Table 1 . A detailed description of the RDA analysis and the forward selection procedure is given in Supplementary Text 1. The significance of the reduced models was tested by analysis of variance with 999 permutations. Individual Mantel tests were performed with both weighted UniFrac and Bray Curtis distance matrices for the microbial community data and distance matrices (Euclidian distance) for each contextual parameter.
MIC analysis (Reshef et al., 2011) was performed using variables that had been identified as relevant by RDA and Mantel tests. MIC analysis is able to detect many kinds of correlations, not only unimodal. False discovery rates were calculated directly from an empirical null distribution with the R package locfdr (Efron, 2004 ). An association was considered significant when false discovery rate was o1% that was equivalent to MIC 40.48. The matrix of MIC values 40.48 was used with Cytoscape 2.8.3 (Shannon et al., 2003) to visualize the network of association as described earlier (Blanquer et al., 2013) . In these visualizations, bacterial OTUs and environmental parameters are represented as nodes and are connected by lines that are proportional in length to the MIC value. Finally, a SIMPER analysis was performed to investigate which OTU contributed the most to the difference in community composition between sampling times.
The different communities were also compared using indices of phylogenetic structure. The net related index (Webb et al., 2002) is based upon the mean pairwise distance (MPD) of each of the OTUs within each sample. MPD characterizes the phylogenetic distance (or the branch length) between all the OTUs in a sample. These indices were calculated by using Phylocom (Webb et al., 2008) implemented in the R package picante (Kembel et al., 2010 ). The significance was tested against a null model (999 random permutations across the entire phylogeny). To check for nonrandom co-occurrence patterns, a checkerboard score (C-score) (Stone and Roberts 1990; Horner-Devine et al., 2007) was calculated for the different OTU tables. This was tested for significance against a null model preserving sample frequencies. Statistical analysis was done using R (version 2.15.0, http:// www.R-project.org) and the vegan package (Oksanen et al., 2012) .
Results
Prodelta sediment characteristics are variable with time Values of the contextual parameters (see Table 1 and Supplementary Figure S3 ) varied with both time and depth. Most of the parameters had the highest values in April and the lowest either in June or August, with the exception of the river discharge that was highest during the February sampling ( Figure 1 ). Total organic carbon and chlorophyll a (Chla) increased from February to April, but this was not statistically significant because of a relatively large scattering of values in April (more differences with depth). Then, total organic carbon and Chla decreased in July and August (Figure 1) . Variables quantifying the OM content (organic carbon, total nitrogen, Chla, chlorophyll b, Phaeophytin, total FA and total hydrolysable amino acid, data not shown), as well as particle size showed the same trend. The terrestrial carbon fraction, which was calculated using d
13 C values (Vob and Struck, 1997) , indicated that terrestrial-derived OM was predominant in February and April (Figure 1) . Furthermore, this terrestrial OM was mostly derived from freshwater phytoplankton in April and C3 soils (soil covered by C3 plants) in June and August (Figure 2 ). This transition from freshwater to soil-derived OM was also supported by a fivefold decrease in the relative number of freshwater chloroplast sequences, mainly from diatoms, detected in the top layer from February to June (data not shown). It should also be noted that the oxygen penetration depth was 1.4-2.6 mm (C Rabouille, personal communication), meaning that most of the sediment column was anoxic at all time points.
Bacterial communities change with time Bacterial communities were significantly clustered according to the sampling time (analysis of similarity, R ¼ 0.6055 P ¼ 0.001) but there was no significant effect of depth. Furthermore, comparisons using the weighted UniFrac metric showed that August communities were different from all others (Po0.001), whereas the communities in June samples were different from April (P ¼ 0.024). We also observed differences in the bacterial diversity over time and depth (Supplementary Figure S2) . The richness estimates were B1000 for all April and August samples, and changed little with depth. However, the diversity was higher in the top three layers of February samples, but decreased with depth, whereas the opposite was observed for the June samples, with the exception of the deepest layer (Supplementary Figure S2B) . Evenness values showed that the February samples at 0.75 and 1.5 cm depths were dominated by abundant OTUs (less even), compared with the other samples.
At the phylum level, Bacteroidetes and Proteobacteria sequences dominated the microbial community but there were clear differences in their relative abundance over time (Figure 1 ). Bacteroidetes varied from representing 420% of the sequences in February and April to averaging B12% in August. Deltaproteobacteria sequences were dominant in August samples (from 20% to 30% of total sequences) and were generally less abundant in the top layer (0-0.5 cm). Alphaproteobacteria sequences showed opposite dynamics compared with the Deltaproteobacteria in most of the samples. They were abundant in February and April top samples (15.4% and 24.5% in 0-0.5 cm layer, respectively) to then decrease, especially in August. Betaproteobacteria sequences were most abundant in June (between 17.8% and 14.8%) and least abundant in August (between 8.9% and 1.4%), but the highest value was in the topmost sample in February (18.5%).
At the OTU level, a SIMPER analysis showed that only four OTUs contributed to 41% of the total dissimilarity when samples were grouped by month (Figure 3) . The Flavobacteriaceae OTU 7940, which was the most abundant OTU of the whole study, dominated the February samples. This OTU contributed to B10% of the total sequences from the second and third layers from February but was rarely detected in the top layers. OTU11146, also a Flavobacteriaceae, was typical for the June samples and much less dominant in February samples. The Betaprotebacteria OTU 11154 was most abundant in the June samples and less abundant in the August samples. Moreover, it was relatively more abundant in the top section. OTU 11225, belonging to order Desulfuromonadales, was more abundant in August.
Contextual parameters explaining variations in microbial community structure and diversity To investigate which of the over 20 different contextual parameters could best explain the Organic matter quality shaping microbial communities SK Fagervold et al microbial community structure, we performed several complementary analyses. For the RDA analysis, we employed both an automatic and empirical forward selection (Supplementary Text) that resulted in the identification of seven parameters that best explained the variance of the microbial community (Figure 4 ). It should be noted that several of the contextual parameters co-varied. For example, Chla concentration was used as a proxy for all the quantitative OM parameters because Chla was the most significant (Supplementary Table S1 and Supplementary Text 1) . Among the seven parameters, RDA analysis showed that saturated fatty acids (SAFA) could explain most of the constrained variance in the microbial population (Supplementary Table S1 ), and together with d 13 C and Phyto_PUFA, these parameters explained 16.84% of the variation (Po0.001). Phyto_PUFA and d 13 C separated the June samples from the rest of the samples, whereas Chla concentration separated the February and April samples from the June and August samples, and TERR_FA and SAFA separated the August from the other sampling times (Figure 4) . Direct Mantel tests showed the significance of these contextual parameters (Supplementary Figure S4) , with the exception of Phyto_PUFA and degradation index.
The MIC analysis gave information on direct associations between contextual parameters and relative abundances of OTUs ( Figure 5 ). Several OTUs had opposite associations to Phyto_PUFA and SAFA. OTU 203, an abundant OTU within the family Desulfobacteraceae, showed a positive correlation with SAFA, whereas the dominant Betaproteobacteria OTU 11154 was associated with Phyto_PUFA. The relative abundant Flavobacteriaceae OTU 7940 was positively correlated with TERR_FA. We further detected a negative correlation between d
13 C values and Spirochaetaceae 0TU 9909 as well as Betaproteobacteria OTU 4026, suggesting that they were associated with terrestrial input. Overall, Phyto_PUFA exhibited most associations in the MIC analysis ( Figure 5 ).
The richness of the bacterial community was significantly (Po0.005 for the following) correlated with the carbon/nitrogen ratio (R ¼ 0.56) and the proportion of clay (R ¼ 0.54) only. MPD was significantly correlated to porosity (R ¼ 0.60) and silt (R ¼ 0.55), and negatively to SAFA (R ¼ À 0.57) and TERR_FA (R ¼ À 0.53). This means that when TERR_FA and SAFA were high, the OTUs were more phylogenetic clustered. 
Figure 3
The four OTUs contributing the most to the difference in community composition (41%) identified by SIMPER analysis. Samples were grouped according to sampling date and the sizes of the pie charts are proportional to the number of sequences in each OTU. White denotes the top sample (n ¼ 1), gray denotes the 'middle' samples, from 0.5 to 3 cm (average of n ¼ 3) and black denotes the 'deep' samples (average of n ¼ 3). Figure 4 RDA biplot of bacterial community composition and the seven most significant contextual parameters. Each dot represents one sample. The environmental parameters shown were selected by a combined automatic and empiric forward selection (see Materials and methods). *Percentage of total variance explained by each axis. Total constrained variance is 32.63%, thus RDA1 and RDA2 will represent 21.20% and 17.74%, respectively, of the constrained variance.
Co-occurrence and phylogenetic clustering To investigate whether the sediment microbial communities were structured by deterministic processes, we analyzed the co-occurrence of taxa and OTUs using the C-score (Stone and Roberts, 1990) and found that OTUs were significantly (Po0.01) segregated. Furthermore, MPD values ( Figure 6 ) showed that February and April samples were more phylogenetically dispersed (higher MPD) than June and August. In fact, there were only three samples that were significantly clustered or dispersed (Po0.05); the topmost layer in February was significantly dispersed, whereas the third and fourth layers from the August core were significantly clustered.
Discussion
Bulk parameters like porosity and grain size are valuable in describing sedimentary systems and common parameters that describe labile OM, like Chla or phaeopigment concentration, have been shown to explain variance in microbial communities (Polymenakou et al., 2005; Franco et al., 2007; Bienhold et al., 2012) . The variance in the microbial community in our study was, however, best explained by ratio parameters describing OM quality (SAFA and Phyto_PUFA) and source (d 13 C values). SAFA and Phyto_PUFA are important explanatory variables because of their different degradation potentials. SAFA are relatively resistant toward degradation. On the other hand, PUFA contain unsaturated carbon bonds that are sensitive to oxidation and are thus good proxy for very labile OM (Hu et al., 2006) . Furthermore, Phyto_PUFA provide a useful insight onto the source of the OM as they are synthesized by freshwater and marine microalgae (Volkman, 2006) .
The d 13 C value, explaining significant amounts of variability in the microbial communities, is also an indicator of the source of the organic carbon. The d 13 C values in our samples ranged from À 27.67 to À 25.83, indicating a predominant contribution of the Rhô ne River particulate OM (POM) (Darnaude et al., 2004; Higueras et al., 2014) at the expense of the marine contribution (Harmelin-Vivien et al., 2008) . Higueras et al. (2014) demonstrated that depleted d 13 C values (o À 27%) characterized freshwater production in several Mediterranean rivers whereas enriched d 13 C values (4 À 27%) traced predominantly the soil OM. Thus, the difference in OM quality of the prodelta sediments can be traced back to the different discharge events of the Rhô ne River. To summarize, the development of phytoplankton in the river accounted for increased amount, higher lability and lower degradation state of sedimentary OM in February and April. A similar seasonal trend has been shown for the same area by Harmelin-Vivien et al. (2010) . Later, the flood that occurred in early June brought silty material originating from the weathering of soils. This thick Organic matter quality shaping microbial communities SK Fagervold et al deposit was depleted in OM, more degraded and less labile than the POM delivered by the Rhô ne during normal discharge conditions (Bourgeois et al., 2011) . Then, during the summer, the low discharge rates and the calm weather conditions were favorable to the compaction (that is, lower porosity) and further degradation of the material deposited in the prodelta. August samples were thus depleted in OM and contained relatively less terrestrial-derived OM.
Microbial community composition in the sediments also changed with sampling time. The strong temporal dynamics was reflected by the fact that none of the OTUs were present in all samples (at all times and all depths) and resident OTUs (OTUs that are present at all four sampling times) represented only 3% of the total OTUs and 30% of the sequences, similar to values reported for coastal sands (Gobet et al., 2012) . Among the abundant resident OTU sequences, two flavobacterial (Bacteroidetes) OTUs (OTU 7940 and 11146) had different temporal relative abundance distribution patterns, suggesting different ecological niches. This niche differentiation was supported by the fact that unlike OTU 11146, OTU 7940 exhibited a significant association to one contextual parameter (TERR_FA). The Betaprotebacteria OTU 11154, the second most abundant OTU, also had a specialized niche in our samples. It was most abundant in June and in the top part of the sediment column section and it showed a significant positive correlation with Phyto_PUFA. It was 100% identical to Rhodoferax ferrireducens, strain T118, an iron reducing nonfermenting facultative aerobe that can also use iron nitrate and Mn(IV) oxide as electron acceptor (Finneran et al., 2003) and several smaller organic acids (for example, acetate, lactate and butyrate) as electron donors.
It has been hypothesized that a greater proportion of OM is remineralized through anaerobic pathways and that a greater part of the O 2 flux is used for reoxidation of reduced solutes in this kind of dynamic deltaic sedimentary system (Lansard et al., 2009; Pastor et al., 2011) . Thus, one would expect to find microorganisms that are more specialized in the utilization of smaller reduced acids, like Rhodoferax ferrireducens described above, supporting the idea of the reoxidation of intermediate products from incomplete anaerobic degradation of OM (fermentation or acetogenesis). We did find some indications for the presence of other microorganisms with similar or complimentary metabolisms. One example is the presence of bacteria belonging to the genus Spirochaetes (all the Spirochaetaceae sequences belonged to this genus) that contains anaerobic or facultative aerobic bacteria (Paster et al., 1991) . The relative abundance of Spirochaetes showed a correlation with d
13 C values and, indeed, they are common degraders of plant material in aquatic environments and can ferment a number of saccharidic substrates (Leschine et al., 2006) . The d
13 C values also correlated with some betaproteobacterial OTUs. For example, the betaproteobacterial OTU 3013 was 99% identical to several species within the genus Hydrogenophaga, and family Comamonadaceae that are characterized by the ability to oxidize hydrogen and can also grow aerobically or reduce nitrate using a number of organic compounds, mainly organic acids (Willems et al., 1989) . Indeed, we found substantial amounts of Betaproteobacteria sequences within this and the Rhodocyclaceae family, mostly within the genus Dechloromonas. Bacteria within this genus are aerobic, nonfermentative and can utilize acetate and other organic acids as carbon sources and nitrate as alternative electron acceptors (Achenbach et al., 2001) . Lastly, the relative abundance of bacteria within the order Desulfuromonadales, including the abundant OTU 11225 that are thought to be important in iron reduction coupled to acetate oxidation (Vandieken and Thamdrup, 2013) , supports this hypothesis of cycling of smaller, more intermediate carbon compounds.
The contextual parameters that we measured in this study were focused on OM quality and source, and could explain at the most 17% of the total variance of the microbial community. This low value suggests that other contextual parameters not measured here are important (for example, nutrients, available electron acceptors) and/or that biotic factors are also a major factor. Biotic interactions like competition, mutualism or commensalism can be key ecological structuring factors and can be investigated through co-occurrence of taxa/OTUs and phylogenetic clustering/dispersion patterns. The pattern that we detected by calculating the C-score (Stone and Roberts, 1990 ) indicated nonrandom co-occurrence and more specifically segregation. Nonrandom co-occurrence patterns indicate that deterministic processes were indeed shaping the microbial community, and segregation suggests that Figure 6 Phylogenetic MPD for bacterial communities from the Rhô ne river prodelta sediments. Gray area represents the null distributions with standard error. *Samples that are statistically significantly dispersed or clustered.
Organic matter quality shaping microbial communities SK Fagervold et al OTUs in the prodelta occurred together less often than expected by chance. A pattern of segregation may appear surprising, as one might expect a certain level of co-occurrence, especially as syntrophic interactions between different microbial taxa are generally important when complex OM is degraded under anoxic conditions (Wolin and Miller, 1987; McInerney et al., 2009) . However, our results are in line with an earlier report that found segregation to be the predominant structuring factor of microbial communities in a variety of environments (HornerDevine et al., 2007) , but in contrast to Barberan et al. (2012) who found that microorganisms from soil cooccurred more often than expected by chance. The significant segregation patterns could mean that competitive interactions between OTUs drives community assembly but it could also be a result of non-overlapping niches (habitat checkerboard) or historical effect (see, for example, Diamond, 1975; Gotelli et al., 1997; Horner-Devine et al., 2007) . Phylogenetic clustering patterns can give deeper insight into the underlying ecological processes (Webb et al., 2002; Horner-Devine and Bohannan, 2006) especially when performed on each sample separately. Although very few of our samples were significantly phylogenetically clustered or dispersed, we did observe more phylogenetic clustering in deep samples in August, suggesting that the community was shaped by habitat filtering, a process that is arguably the most predominant process in shaping microbial communities (Horner-Devine and Bohannan, 2006; Pontarp et al., 2012; Wang et al., 2012) , although it can depend on OTU definitions (Koeppel and Wu, 2014) . Thus, with less perturbation, the community probably became more specialized toward specific environmental conditions. This abiotic filtering corresponded to higher proportion of TERR_FA and SAFA, emphasizing the structuring effect of these parameters on the microbial community. However, these same processes did not dominate at all times. In surface samples in February, we observed significant phylogenetic overdispersion that is consistent with biotic forces structuring community assembly, reflecting the action of negative interactions such as competition (Webb et al., 2002) . The relative importance of deterministic and stochastic processes can change with time (Stegen et al., 2012) . Indeed, our phylogenetic analysis highlighted that the main deterministic processes that ruled community assembly changed with time and depth, switching from biotic to abiotic control of the community composition.
Conclusion
In the Rhô ne prodelta system, the microbial community present at a certain time was highly influenced by the variable river flow. In this dynamic environment, the relative importance of physical, chemical or biotic factors changed with season and depth, but the structuring drivers of the microbial community remained closely linked to the sources and quality of the OM input. Our work emphasizes the need to increase the repertoire of contextual parameters, including parameters like SAFA and Phyto_PUFA, in order to obtain a more comprehensive picture of the relationship between microbes and OM.
